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Summary
The pyruvate dehydrogenase (PDH) multienzyme com-
plex is central to oxidative metabolism. We present
the first crystal structure of a complex between pyru-
vate decarboxylase (E1) and the peripheral subunit
binding domain (PSBD) of the dihydrolipoyl acetyl-
transferase (E2). The interface is dominated by a
“charge zipper” of networked salt bridges. Remarka-
bly, the PSBD uses essentially the same zipper to al-
ternately recognize the dihydrolipoyl dehydrogenase
(E3) component of the PDH assembly. The PSBD
achieves this dual recognition largely through the ad-
dition of a network of interfacial water molecules
unique to the E1-PSBD complex. These structural
comparisons illuminate our observations that the for-
mation of this water-rich E1-E2 interface is largely en-
thalpy driven, whereas that of the E3-PSBD complex
(from which water is excluded) is entropy driven. In-
terfacial water molecules thus diversify surface com-
plementarity and contribute to avidity, enthalpically.
Additionally, the E1-PSBD structure provides insight
into the organization and active site coupling within
the w9 MDa PDH complex.
Introduction
Many multienzyme complexes act as “macromolecular
machines” in which the subunit associations serve not
only to colocalize the enzymes, but also to couple their
activities and to channel substrates and products. A
canonical example is members of the family of 2-oxo
acid dehydrogenase complexes that are active at sev-
eral central points of oxidative metabolism (Perham,
2000). These complexes are composed of multiple cop-
ies of three different enzymes: a thiamine diphosphate
(ThDP)-dependent decarboxylase (E1, EC 1.2.4.1), a li-
poate-dependent acyltransferase (E2, EC 2.3.1.1), and
a flavin-dependent dihydrolipoyl dehydrogenase (E3,
EC 1.8.1.4). The complete assemblies can be over 9
MDa in size, and the association of subunits enables
the complexes to function with highly unusual catalytic
properties (Perham, 2000). There are three related 2-oxo
acid dehydrogenase assemblies known that have spec-
ificity for pyruvate (PDH), 2-oxoglutarate (OGDH), and
branched chain 2-oxo acids (BCDH).
The scaffold of each assembly is formed by the E2*Correspondence: ben@cryst.bioc.cam.ac.uk
2 These authors contributed equally to this work.component. Its polypeptide chain is divided into three
structurally and functionally distinct domains that are
delimited by flexible linkers (Perham and Packman,
1989). The C-terminal domain catalyzes acyl transfer
and forms a homotrimer, in which the subunit interfaces
generate the acyltransferase active sites. These trimers
are the building blocks for much larger entities, in
which 8 or 20 trimeric units associate to form an octa-
hedral or icosahedral inner core, depending on the or-
ganism (Oliver and Reed, 1982; Perham, 2000; Reed,
1974). Emanating from each acyltransferase domain of
the core are two additional domains of the E2 polypep-
tide chain: the N-terminal lipoyl domain and the in-
tervening peripheral subunit binding domain (PSBD)
(Perham, 1991, 2000). It is to the latter that either E1 or
E3 binds in generating the overall assemblies in bacte-
ria with E2 cores of icosahedral symmetry (Lessard et
al., 1996; Perham, 2000).
Since each E2 chain contains one PSBD, icosahedral
E2 assemblies of bacterial origin can in principle ac-
commodate admixtures of up to 60 peripheral (E1 and
E3) enzymes (Domingo et al., 1999; Henderson et al.,
1979). The lipoyl domain is posttranslationally modified
by the attachment of lipoic acid to the N6 amino group
of a specific lysine residue and functions as the carrier
of covalently attached acyl intermediates and reducing
equivalents. The lipoyl domain is highly mobile because
of its connection to the PSBD by means of a long, flexi-
ble Ala-Pro-rich linker, which enables the lipoyl domain
to shuttle between the catalytic sites of all three partici-
pating enzymes (Perham, 2000; Perham et al., 1981). In
eukaryotes, a specific E3 binding protein (E2BP) and
additional regulatory kinase (EC 2.7.1.99) and phospha-
tase (EC 3.1.3.43) components associate with the PDH
complexes (Patel and Harris, 1995; Patel and Korotch-
kina, 2001; Radke et al., 1993).
The four catalytic steps of the pyruvate dehydroge-
nase multienzyme complex are summarized in Figure
1A. The first substrate, pyruvate, is subjected to a spe-
cific and irreversible decarboxylation, which is cata-
lyzed by the thiamine diphosphate (ThDP)-dependent
E1. This reaction gives rise to a reactive enamine-ThDP
intermediate. In the second step, also catalyzed by E1,
the enamine-ThDP intermediate reductively acylates
the lipoyl group attached to the lipoyl domain. The li-
poyl domain then migrates to the acyltransferase do-
main of E2, which catalyzes the transfer of the acyl
group to coenzyme A. In the final step of catalysis, the
lipoyl domain visits the E3 active site, where the dithio-
lane ring of the pendant lipoyl group is regenerated and
NAD+ is reduced (Perham, 2000; Reed, 1974).
The size, complexity, and dynamic nature of the 2-oxo
acid dehydrogenase multienzyme complexes have pre-
sented a challenge for structural analysis. Structural
data derived from X-ray crystallography and NMR
spectroscopy, as appropriate, are available for the indi-
vidual E1 (Aevarsson et al., 1999, 2000; Arjunan et al.,
2002; Ciszak et al., 2003; Kleiger et al., 2001; Nakai et
al., 2004) and E3 (Mattevi et al., 1991, 1992b, 1993a)
components, for each domain of E2 (Dardel et al., 1993;
Structure
1120Figure 1. Catalytic Mechanism of PDH and the Structure of E1-PSBD
(A) Catalytic mechanism of the pyruvate dehydrogenase multienzyme complex. Reactions catalyzed by E1, E2, and E3 are shown by red,
green, and yellow arrows, respectively.
(B) E1-PSBD structure. A ribbon diagram of the complete E1 heterotetramer bound to the PSBD of E2. Two views are shown related by a 90°
rotation. A color key for the domains of each subunit is shown. E1 α* and β* are the subunits that form an active site in the “closed” state,
whereas the α and β chains making the second active site are in the “open state.” The PSBD from E2, colored green, binds on the 2-fold
interface of two C-terminal domains of the E1 β chains (colored cyan and orange). Thiamine diphosphate and Mg2+ ions are highlighted as
space-filled atoms. The entrances to the active sites in “closed” and “open” states are shown by black (to the foreground) and gray (to the
background) arrows, respectively. Figures were made with PyMOL (DeLano, 2003).Jones et al., 2000; Robien et al., 1992), and for the octa- W
shedral (Knapp et al., 1998; Mattevi et al., 1992a, 1993b)
and icosahedral (Izard et al., 1999) E2 inner cores. e
sThese proteins come from a variety of species, and
the structures illustrate the conservation of the general c
afeatures and catalytic properties of the enzymes. With
regard to protein-protein interactions within the assem-
blies, the complex between E3 and the PSBD of E2 R
from the Bacillus stearothermophilus PDH complex has
been structurally elucidated (Mande et al., 1996), and S
Fan overall picture of the global architecture of the intact
complexes is beginning to emerge from cryo-electron c
tmicroscopy studies (Gu et al., 2003; Milne et al., 2002;
Zhou et al., 2001). w
tHere, we report the first, to our knowledge, crystal
structure of an E1-PSBD complex. The proteins are u
ffrom the B. stearothermophilus (sometimes referred to
as Geobacillus stearothermophilus) PDH complex, and (
mour structure completes the full complement of stereo-
chemical information for this paradigmatic assembly. Pe discuss this structure in terms of the strength and
pecificity of the protein-protein interactions that gov-
rn the assembly of the complex and the additional in-
ights we can derive into the organization of the PDH
omplex and the coupling of its constituent catalytic
ctivities.
esults and Discussion
tructural Overview
or our first attempts at cocrystallizing an E1-PSBD
omplex, we worked with the E1 Pseudomonas putida,
he structure of which had been solved earlier else-
here (Aevarsson et al., 1999). We duly obtained crys-
als of the putative complex between E1 and the PSBD
nder high salt conditions, and these belong to a dif-
erent space group than the crystals reported earlier
Table 1). We solved the structure by molecular replace-
ent to 2.9 Å resolution; however, no evidence of the
SBD was apparent in the electron density map. We
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1121Table 1. Crystallographic Data and Refinement Statistics
B. stearothermophilus P. putida
Crystallographic Data
Space group P21 P6122
Unit cell a = 68.270 Å, b = 232.330 Å, c = 92.924 Å, a = b = 156.866 Å, c = 619.605 Å
β = 90.81°
Resolution 19.5–2.0 Å 20–2.9 Å
Merging Statistics
Number of reflections 538,854 503,119
Number of unique reflections 90,079 101,157
Completeness 94.8% (68.4%) 89.6% (59.8%)
<I>/<σI> 13.8 (2.7) 10.0 (2.7)
Rmerge 6.7% (25.7%) 6.1% (15.6%)
Refinement Statistics
R factor 17.7% 22.7%
Rfree 21.7% 25.4%
Asymmetric Unit 2× (E1α2β2-PSBD) 4× E1(α2β2)
Number of protein atoms 21,649 22,980
Number of non-protein atoms and molecules 4 ThDP, 6 Mg2+, 1,736 waters, 4 K+, 138 waters
3 polyethylene glycol
Residues in the most favored regions of the 91.6% 87.0%
Ramachandran plot
Rmsd bond distances 0.014 Å 0.006 Å
Rmsd bond angles 1.2° 1.0°
Dihedrals 5.5° 4.7°
The highest-resolution bin (2.00–2.07 Å) is shown in parentheses.subsequently found, by using size-exclusion chroma-
tography, that the P. putida and B. stearothermophilus
E1-PSBD complexes were not stable at salt concen-
trations exceeding 0.4 M (data not shown). By going
then to low ionic strength conditions, we did succeed
in generating well-diffracting crystals in which the
B. stearothermophilus E1-PSBD complex remained in-
tact. A molecular replacement solution using a homol-
ogy model of E1 refined well against these data, with
good stereochemistry (summarized in Table 1).
B. stearothermophilus PDH E1 is a 153 kDa protein
that is composed of two α chains of 368 residues and
two β chains of 324 residues (Lessard and Perham,
1994). The asymmetric unit of the B. stearothermophilus
E1(α2β2)-PSBD crystal contains two complete tetra-
mers of E1, with each bound to a single PSBD, which
is w40 residues in length (Figure 1B). The association
of a single PSBD per E1 heterotetramer is consistent
with solution binding studies for this complex and for
all other homologs reported thus far (Lessard et al.,
1996). The recombinant PSBD used in this study (E2
residues 122–171) includes some small parts of the
linker regions; however, these extensions were not dis-
cernible in the electron density maps, consistent with
their status as linker regions. The PSBD was traced
from Val130 to Gly168, but several surface side chains
could not be modeled. The overall fold of E1 in complex
with the PSBD is similar to the crystal structures of
other crystallized E1 homologs (Aevarsson et al., 1999,
2000; Ciszak et al., 2003; Kleiger et al., 2001; Nakai et
al., 2004). Indeed, all members of the family superim-
pose within an rmsd of 1.1–1.5 Å for 585 Cα pairs. It is
clear, therefore, that association with E2 does not in-
duce any quaternary or tertiary conformational changes
in E1. Moreover, there were no significant differences inthe structure of the bound PSBD compared with that of
the domain in free solution (Allen et al., 2005; Kalia et
al., 1993). Thus, the interaction is essentially one of the
“lock-and-key” variety, with no detectable induced fit.
The asymmetric unit of the crystal contains two inde-
pendent E1(α2β2)-PSBD complexes, and these super-
impose with an rmsd of 0.2 Å for 1352 Cα pairs. The
two complexes are defined here as being composed of
chains A–D and I, and E–H and J, respectively. Each
heterotetramer has two active sites formed at the inter-
face of an α and a β subunit. All residues within the β
subunits have been modeled in both complexes of the
crystal structure reported here, but residues in surface
loops (residues α203–212 and α276–287) at the en-
trance to the active site involving one of the α subunits
were missing in each α2β2 tetramer of the asymmetric
unit. To mark this difference, the α and β subunits mak-
ing up the fully defined active site will be denoted as
“α*” and “β*” (Figure 1B). A similar ordered-disordered
asymmetry of active site loops has been noted in a re-
cently solved crystal structure of the isolated E1 from
Thermus thermophilus (Nakai et al., 2004).
The asymmetry of the active site loops from the α
subunit described above results in one site being
“open” while the other is “closed” (Figures 2A and 2B).
All the active sites of E1 structures hitherto have been
“captured” in conformations that are either “open” (Ar-
junan et al., 2002; Nakai et al., 2004) or “closed” (Ae-
varsson et al., 1999, 2000; Ciszak et al., 2003). The
structures of B. stearothermophilus and Thermus ther-
mophilus (Nakai et al., 2004) E1 are the first to show
the open and closed conformations within the same di-
meric (heterotetrameric) molecule. In the closed state,
the entrance to the active site is a narrow and deep
funnel-shaped channel, at the end of which lies the C2
Structure
1122Figure 2. The Active Site of B. stearothermophilus E1
(A and B) The two active sites in each heterotetramer are found in the (A) “open” and the (B) “closed” state. The solvent-accessible surface
area of the protein is shown, and the thiamine diphosphate (ThDP) cofactor is in stick form.
(C) The arrangement of two conserved active site loops (gray, α*203–212; magenta, α*267–290), part of which undergo folding-unfolding
transitions in the “closed” and “open” states. The solvent-accessible surface area is shown for residues surrounding the E1 active site.
Residues highlighted in stick form, with the exception of Ile206, have all been shown to be catalytically important in mutagenesis studies of
B. stearothermophilus E1 (Fries et al., 2003a). His128 (pink) from the β subunit is a proton donor to the dithiolane ring of the lipoyl group
during catalysis (Fries et al., 2003b).
(D) The geometric conservation of the loops and active site residues is shown by superimposition of the ThDPs from the E1 of the P. putida
BCDH complex (blue), the Homo sapiens PDH (yellow) and BCDH complexes (orange), the Thermus thermophilus PDH complex (green), and
the B. stearothermophilus PDH complex (majenta).of ThDP that will become a reactive carbanion during m
ithe reaction catalyzed by E1 (Figures 2B and 2C). The
nonequivalence of the open and closed active sites ob- t
tserved in the structure of the E1-PSBD complex is con-
sistent with solution studies (Chauhan et al., 2000). A r
(recent proposal attributes this asymmetry to the non-
equivalent charge states of the bound ThDP induced f
dby communication between the active sites (Frank et
al., 2004). t
SEach pair of α and β subunits makes both homotropic
and heterotropic contacts, and these are largely hydro- a
fphobic in character. The α-α* and β-β* interfaces bury
nearly the same surface area (1851Å2 and 2056Å2, re- o
ispectively). There are two different α-to-β subunit inter-
faces, of the type α-β* and α*-β* (and equivalent α*-β and w
dα-β interfaces). The α-β* interface is dominated by the
packing of helices through a “GfXXG” motif, which also
Toccurs in the E1 from the Pyrobaculum aerophilum
PDH complex (Kleiger et al., 2001). This sequence pat- p
mtern is associated with tight hydrophobic interfaces in
some membrane proteins, such as glycophorin A and T
cγ-secretase (Kleiger et al., 2001). The second type of
heterotropic interface (α*-β*) forms the active sites. c
tThere is a difference of 140 Å2 in buried surface area
between the two active site interfaces of each E1, i
iwhich is due to the active site loops being ordered in
one α subunit and disordered in the other, as de- i
ascribed above.
Each subunit of the E1(α2β2) heterotetramer is com- (
bposed of two structural domains (color coded in Figure
1B). The N-terminal domains of the α and β subunits i
ptogether generate the active site. The smaller C-ter-inal domain from the α subunit plays a structural role
n the assembly of the heterotetramer by mediating in-
eractions with the β subunit. The C-terminal domain of
he β subunit (CTDβ) is well conserved in all heterotet-
americ E1s and functions to recognize the PSBD of E2
Figure 3B). A homologue of the CTDβ domain is also
ound in transketolase (EC 2.2.1.1) and pyruvate-ferre-
oxin oxidoreductase (EC 1.2.7.1), but not in any other
hiamine-dependent enzyme (Aevarsson et al., 1999).
uperimpositions show this domain of transketolase
nd pyruvate-ferredoxin oxidoreductase as differing
rom that of B. stearothermophilus E1 by the deletion
f a turn-helix-turn structure and the substitution of key
nterface residues. These changes could well explain
hy transketolase and pyruvate-ferredoxin oxidore-
uctase are not recruited to E2.
In addition to protein assignments, two molecules of
hDP, three Mg2+ ions, two K+ ions, and fragments of
olyethylene glycol molecules were found in each tetra-
er (summarized in Table 1). In a role common to all
hDP-dependent enzymes, two of the three Mg2+ ions
oordinate the diphosphate of the ThDPs in a highly
onserved binding pocket within the α subunit. The
hird Mg2+ ion was identified within a solvent-filled cav-
ty rich in acidic side chains that connects the ThDPs
n the two discrete active sites of E1. This auxiliary Mg2+
on is fully hydrated by eight water molecules, which
re in turn coordinated by up to four acidic residues
αAsp180, α*Asp180, αGlu183, and α*Glu183) from
oth α subunits. The E1 of B. stearothermophilus PDH
s the first ThDP-dependent enzyme structure found to
ossess a Mg2+ ion at this site. Two K+ ions were also
The E1-PSBD Assembly from Pyruvate Dehydrogenase
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(A) The PSBD (green) sits across the 2-fold interface of E1 β subunits (orange and cyan). The binding surface is dominated by electrostatic
interactions (dashed lines), many mediated by structured water molecules (red spheres).
(B) Stereographic views of the electron density at the E1-PSBD binding interface contoured to 1.0 σ cutoff by using a σA-weighted 2Fo − Fc
map. The modeled atoms for the PSBD, the E1 β subunit, and the β* subunit are rendered as green, cyan, and orange sticks, respectively.
The interface is dominated by salt bridges such as the one between PSBD Arg157 and the C-terminal carboxylate of βPhe324. Hydrophobic
interactions are made by PSBD Met132 and Pro133 within a groove at the β dimer interface. In addition, hydrogen bonded water molecules
bridge the E1-PSPBD interface. Maps were generated in CCP4 (CCP4, 1994), and the figure was compiled with the program PyMOL
(DeLano, 2003).identified, each stabilizing a loop within the β subunits.
This site has the optimal stereochemistry for K+, and
the smaller Na+ would not be expected to fit well. The
K+ ion is almost completely dehydrated and is coordi-
nated by four backbone carbonyl groups (from residues
β112, β160, β163, β165), the hydroxy group of βThr113,
and one water molecule. The human E1 homolog also
has K+ at this site (Aevarsson et al., 2000; Ciszak et
al., 2003).
The E1 Active Site
The active sites of all known ThDP-dependent enzymes
share a consensus sequence, GDG(X)25–30N, which is
required for binding the ThDP and associated Mg2+ ion
cofactors (Hawkins et al., 1989). In the E1α chain from
the B. stearothermophilus PDH complex, this motif re-
curs and makes the same interactions with the ThDP
as those observed in other ThDP-dependent enzymes.
An additional conserved active site sequence motif
has been proposed for the α chains of E1 enzymes:
YR(α267)-H(α271)-D(α276)-Y(α281)R-DE (Fries et al., 2003a;
Hawes et al., 1995). This motif lies within the outer ofthe two loops that are disordered in one of the two
active sites in B. stearothermophilus E1 (Figure 2C).
Structural alignment of these residues in the active site
loop shows them to be geometrically conserved (Figure
2C). Moreover, when any one of the residues desig-
nated with subscript numbering is substituted with Ala,
the activity of E1 is impaired. For example, replacing
Tyr281 with Ala substantially raised the Michaelis-Men-
ten constant, Km, of B. stearothermophilus E1 for pyru-
vate (Fries et al., 2003a). The effect of this mutation can
perhaps be attributed to an influence on folding of the
active site loops, rather than directly on the binding of
the substrate because Tyr281 is not near the catalytic
ThDP and packs against the inner loop. Thus, it is likely
that E1 only forms the Michaelis-Menten complex in the
closed conformation, in which the active site loops
are stabilized.
The inner loop packs against the five-membered thia-
phene ring of ThDP via the side chain of Ile206 (Figure
2C). The stabilities of the loops are coupled by hy-
drogen bonds between the backbone carbonyl of Ile206
in the inner loop and the side chain hydroxyl of Tyr281
Structure
1124in the outer loop. The importance of Asp276 and n
tArg267 is corroborated by the observation that substi-
vtuting either residue with Ala decreases PDH activity
i(Fries et al., 2003a). These residues, together with the
bbackbone carbonyl of Ile206, hold the side chain hy-
wdroxyl of Tyr281 via a network of hydrogen bonds. This
Earrangement is striking, since it causes Ile206 to as-
Psume unusual backbone dihedral angles that are out-
aside the allowed regions of the Ramachandran plot.
aThe electron density (omit map) in this region is unam-
sbiguous, and it is likely that the loop is under conforma-
rtional strain, which is balanced by surrounding favor-
hable contacts. Furthermore, these uncommon dihedral
Vangles for the counterparts of Ile206 are conserved in
sthe crystal structures of all E1s that are in the closed
hstate (Aevarsson et al., 1999, 2000; Ciszak et al., 2003).
iThis conformation is probably favored by the contact
of the Ile206 side chain with the ThDP thiaphene and
tthe hydrogen bonding interactions of its main chain
Twith the outer loop, which are apparent in the closed
uactive site.
nThe family of ThDP-dependent enzymes can be orga-
mnized into three subgroups according to the chemical
ctransformation catalyzed. These are the oxidoreduc-
btases, which catalyze oxidative decarboxylation; the ly-
dases, which also catalyze decarboxylation but without
lan oxidative step; and the transferases, which neither
oxidize nor decarboxylate in the transfer of keto-con-
ptaining compounds. Several structures are available
Mfrom each group, and all but those of the lyases contain
ftwo or more histidine residues in the substrate binding
opocket and active site. In several ThDP-dependent en-
fzymes, the imidazole side chains have been shown to
aact as partners in general acid-base catalysis (Fries et
eal., 2003b; Liu et al., 2001). One of them in B. stearo-
Bthermophilus E1 (βHis128) has been identified as a pro-
fton donor for the second substrate, the lipoyl group
2(Fries et al., 2003b; Nemeria et al., 2002) (Figure 2C).
bThe second (αHis271) is wedged between the diphos-
phate group and thiaphene of the ThDP (Figure 2A). The
s
importance of αHis271 in B. stearothermophilus E1 has
i
been demonstrated by its replacement with Ala, which
e
inactivates the enzyme (Fries et al., 2003b). The corre- y
sponding mutant in P. putida E1 has been crystallized (
and found to have disordered active site loops (Wynn b
et al., 2003). In our crystal structure, αHis271 is well E
defined in the closed active site and more disordered, s
with a higher temperature factor, in the open active site. a
Further investigation is necessary, but it seems likely s
that αHis271 is involved in the “open-close” transitions b
of the E1 active site loops. b
o
The E1-E2 Binding Interface m
The association of the E2 PSBD with E1 buries roughly
1100Å2 of surface, which accounts for 37% of the ac- a
cessible surface area of the PSBD and 5% of that of t
E1. The position of the PSBD at the 2-fold interface f
elegantly illustrates how an asymmetric monomeric b
protein is able to bind with high specificity to a symmet- a
rical homodimer. In principle, there are three ways that r
the symmetry mismatch might be accommodated. First, b
Pthe PSBD might bind to an E1 protomer with extremeegative cooperativity; this may induce a conforma-
ional change in the neighboring E1 protomer that pre-
ents a second PSBD from binding. Another possibility
s that the bound PSBD might simply occlude a second
inding site. This is the mode of interaction seen else-
here in the PDH complex, between the PSBD and the
3 dimer (Mande et al., 1996) (Figure 4C). However, the
SBD uses a third mode of binding with E1: lying
cross the 2-fold symmetry axis and making nonequiv-
lent contacts with both β subunits (Figure 4A). The
ymmetry mismatch between the E1 and the PSBD is
eminiscent of the interaction between the monomeric
uman growth hormone and its dimeric receptor (de
os et al., 1992). Two orientations for the PSBD are pos-
ible with this mode of binding, but the crystal lattice
as enforced only one, and, consequently, the structure
s not an average of the two orientations.
There is an overall electrostatic complementarity be-
ween the E1 and the PSBD at the binding interface.
he surface of the PSBD is largely electropositive (Fig-
re 4B); in contrast, that of E1 is predominantly electro-
egative (Figure 4A). The binding of the PSBD induces
odest asymmetry in the conformation of the E1 side
hains. For example, Glu285 of one β subunit forms a
ifurcating salt bridge with the PSBD, whereas the
yad-related Glu285 of the second β subunit is stabi-
ized by an intramolecular salt bridge with βArg255.
Hydrophobic interactions are also an important com-
onent of the E1-PSBD interface. Two PSBD residues,
et132 and Pro133, fit into a hydrophobic socket
ormed at the E1 β subunit interface that is composed
f Ile281, Leu282, Ser284, Leu32, Ala286, and Phe324
rom both β subunits (Figure 4D). All of these residues
re arranged with near-perfect dyad symmetry. In
arlier studies, substitution of Met132 by Ala in the
. stearothermophilus PSBD was found to cause a 10-
old decrease in binding affinity to E1 (Jung et al.,
002b). Additional van der Waals contacts are made
etween βLeu282 of E1 and Ile130 of the PSBD.
Surrounding the region of hydrophobic contact is a
et of bifurcated salt bridges along one side of the
nterface. These ionic interactions link a chain of sev-
ral residues: PSBD Lys137, the β* C terminus carbox-
late, β*Arg255 and β*Glu285 of E1, and PSBD Arg136
Figure 4D). We refer to this network of linked salt
ridges as a “charge zipper,” by analogy to that in the
3-PSBD interface (Mande et al., 1996). An additional
alt bridge is made between the β subunit C terminus
nd PSBD Arg157. A little more than half of the electro-
tatic interactions are mediated by these five salt
ridges and one interchain backbone hydrogen bond
etween the carbonyl of PSBD Ala131 and the amide N
f βLeu282. The remaining polar interactions are water-
ediated hydrogen bonds (Figures 3 and 4D).
B. stearothermophilus is adapted to grow at temper-
tures of 50°–80°C. The protein complexes of many such
hermophilic organisms commonly contain multiple bi-
urcated salt bridges at the subunit interfaces that may
e responsible, at least in part, for maintaining stability
t high temperatures (Bogin et al., 2002). In the B. stea-
othermophilus E1-PSBD complex, several of the salt
ridges that form the charge zipper between E1 and the
SBD are insulated from bulk solvent by surrounding
The E1-PSBD Assembly from Pyruvate Dehydrogenase
1125Figure 4. E1-PSBD and E3-PSBD Interfaces
(A–E) (A)–(C) show the charge complementarity of the binding surface of (A) E1, (B) the PSBD, and (C) E3. The positively charged PSBD
associates with the acidic patch of either E1 or E3. Close-ups of the binding interface indicated by a box in (A) and (C) are shown in (D) and
(E), respectively. (D) The interface residues of the PSBD are shown in stick format (green). The binding interface residues of E1 are also shown
(Phe324, Ile281, Leu282, Ser283, Leu284, Glu285, Ala286, Pro287, and Arg266) from both β* (orange) and β (cyan) subunits. The interface is
characterized by a hydrophobic plug formed by Met132 and Pro133 surrounded by a curtain of electrostatic interactions: a charge-zipper,
electrostatic interactions, and hydrogen bonds (yellow dashed lines). Three interfacial water molecules (red nonbonded spheres) make up
w45% of the electrostatic interactions. (E) PSBD interface residues in association with E3. Except for some alternate side chain conforma-
tions, the PSBD maintains the same fold in association with E1 and E3. The E3-PSBD and E1-PSBD are also structurally similar, except that
one of three basic residues forming the charge-zipper is not the same; the PSBD makes use of Arg140 at the E3 interface and Arg154 at the
E1 interface. Figures were compiled with GROMACS (Lindahl et al., 2001), MEAD (Bashford and Gerwert, 1992), and PyMOL (DeLano, 2003).hydrophobic residues. For example, the salt bridges
coordinating each β subunit C terminus with PSBD
Lys137 and Arg157 are partially “wrapped” by βPhe324
and β*Phe324 of E1 and PSBD Leu282 (Figure 3D). This
comparatively hydrophobic environment lowers the
local dielectric constant and can be expected to
strengthen the salt bridge. Furthermore, steric restraint
at the interface imposes a defined orientation for these
residues that may assist the specificity of recognition.
The cooperativity of electrostatic and hydrophobic in-
teractions in the binding interface may help explain the
high affinity of the E1-PSBD interaction (Lessard et al.,
1996), which has a dissociation constant of less than
10−9 M.
To investigate the extent of conservation of the binding
interface, all of the available E1 β subunit sequences were
aligned, by using B. stearothermophilus E1 interfacial res-
idues as a reference. A conserved sequence motif was
identified, fXXLD/E, (f = Phe > Leu > Ile) and is present
in most E1 β subunits, including that of human PDH E1.
In the B. stearothermophilus PDH E1, this motif corres-ponds to residues β281–285; the first four residues con-
tribute to the hydrophobic socket in which Met132 and
Pro133 of the PSBD sit, whereas the glutamic acid resi-
due at the fifth position forms a salt bridge with the
PSBD. Substitution of βGlu285 in B. stearothermo-
philus E1 by Ala abolishes binding of the PSBD to E2
(Jung and Perham, 2003), which may explain its high
level of conservation and points to its critical impor-
tance in the assembly of PDH complexes.
The PSBD from E2 also contains conserved interfa-
cial residues. This E1/E3 binding motif is Pro(PSBD 133)
XXBBXXBXB (where B = Lys or Arg, and the subscript
identifies the position of the motif in B. stearother-
mophilus E2). An invariant Pro is found in all of the E2s
that contain a PSBD, but the number and position of
the basic residues is more varied.
The E2 proteins of some Mycobacterial species ap-
pear not to have a conserved E1 or E3 binding motif,
nor do they contain the cognate fXXLD/E motif in their
E1s. It therefore seems likely that in these bacteria the
multienzyme complexes assemble with a different set
Structure
1126of contacts. Any such distinctive intermolecular inter- a
Eface might be exploited as a target for developing a
specific tuberculosis therapeutic. m
i
aComparison of the E1-E2 and E3-E2
rBinding Interface
Structures of the complexes formed by the B. stearo-
thermophilus PSBD with E3 (Mande et al., 1996) and E1 P
o(this work) are now available. Superimposition of these
cocrystal structures shows that almost the same set of T
aresidues in the PSBD is used in forming the two dif-
ferent complexes, consistent with E1 and E3 competing g
pfor association with E2 in the assembled multienzyme
complex (Lessard et al., 1996; Lessard and Perham, 5
a1995) (Figures 4D and 4E). In both, a charge-zipper is
formed and hydrophobic residues are buried. Some i
Ivariety is conferred on the interface by the long side
chains of positively charged Lys and Arg residues, n
twhich adopt alternative conformations to accommo-
date small differences between the positions of nega- a
atively charged side chains emanating from E1 and E3.
Also, Met132 adopts an alternate side chain rotamer to d
Ematch the subtly different geometry of the E1-PSBD
and E3-PSBD interfaces. o
aE1 and E3 bind the PSBD with nearly the same high
affinity. For example, the standard Gibbs free energies
tof binding for E1-PSBD and E3-PSBD are −12.9
kcal.mol−1 and −12.6 kcal.mol−1, respectively (Jung et o
dal., 2002a; Jung and Perham, 2003). However, the
thermodynamic parameters differ importantly in their f
emake-up. Thus, formation of the E3-PSBD complex is
favored by an entropy change (TS) of +14.8 kcal.mol−1 d
tand disfavored by enthalpy (+2.2 kcal.mol−1), whereas
that of the E1-PSBD complex is driven in large part by m
penthalpy (−8.4 kcal.mol−1), with only a modest entropy
change (+4.5 kcal.mol−1) (Jung et al., 2002a; Lessard et u
mal., 1996). A major structural difference between the two
complexes is the presence of four entrained water t
tmolecules that form an extensive network of hydrogen
bonds between E1 and the PSBD that is not apparent l
sin the structure of E3-PSBD. Moreover, superimposition
of the two structures suggests that three of the interfa- b
icial waters present in E1-PSBD would not fit in the E3-
PSBD interface and that the fourth is not in a suitable a
iposition for interfacial hydrogen bonding (compare Fig-
ures 4D and 4E). Overall, it appears that the large en- o
stropy change that characterizes the formation of the
E3-PSBD complex can reasonably be attributed to the T
zdisplacement of water from the protein surfaces that
come together to create a “dry” interface. On the other p
Ehand, the higher enthalpy and lower entropy change
that accompanies association of E1 with PSBD may be r
eattributable to the presence of several entrained, in-
terfacial waters bridging E1 and the PSBD with strong
thydrogen bonds (Figure 4D). These structural observa-
tions fully bear out the predictions based on the P
ithermodynamic parameters themselves (Jung et al.,
2002a, 2002b; Jung and Perham, 2003). 2
lEntrained water has been observed in many macro-
molecular complexes, and it contributes substantially o
ato the thermodynamics of protein-ligand interactions
(Clarke et al., 2001; Cooper, 2000; Ladbury, 1996; t
tSchwabe, 1997). The PSBD binds tightly and specific-lly to two very different proteins. The structures of the
1-PSBD and E3-PSBD complexes have enabled us to
ake detailed sense of the thermodynamic parameters
n understanding the enthalpy contributions of water in
tight binding interface, which may be of some general
elevance in the predictive docking of proteins.
erspective on the Overall Molecular Architecture
f the PDH Complex
he current E1-PSBD structure in hand, we now have
complete set of crystal or NMR structures for all the
lobular protein components of the B. stearothermo-
hilus PDH complex, and these are presented in Figure
. This gallery shows the E1-PSBD and E3-PSBD sub-
ssemblies, the lipoyl domain, and the icosahedral E2
nner core of 60 acetyltransferase domains (Figure 5A).
nsights into the arrangement of these globular compo-
ents have been provided by cryo-EM of the B. stearo-
hermophilus PDH (Lengyel et al., submitted; Milne et
l., 2002), which shows that the E1-PSBD and E3-PSBD
re maintained peripherally as an annular shell at a ra-
ial distance of 75–90 Å from the outer surface of the
2 core (Figure 5B). Some uncertainty remains as to the
rientation of E1 and E3 within the annular shell (Gu et
l., 2003).
An important question with regard to the coupling of
he reactions catalyzed by E1, E2, and E3 is the number
f active sites that can be reached by any one lipoyl
omain (Milne et al., 2002). The E1-PSBD structure de-
ines the point from which the inner and outer linkers
manate, as well as the potential reach of the lipoyl
omain, which is limited by the length (48 residues) of
he adjoining outer linker. The lipoyl domain is highly
obile, and several are shown to be maximally dis-
laced from their point of attachment to the PSBD (Fig-
re 5A). Even though the PSBD engages the dyad sym-
etry axis of E1 in one of two equivalent orientations,
he distance differs between the PSBD and each of the
wo E1 active sites. However, it is apparent that the outer
inker provides sufficient slack to reach both the active
ites of E1, which is consistent with the necessity that
oth the catalytic centers of E1 participate in the activ-
ty of the PDH complex (Frank et al., 2004). Assuming
reach of at least 140 Å, a single lipoyl domain from
ts point of attachment to the PSBD appears capable
f reaching at least 18 of the 60 E2 active sites and
everal neighboring E1 and E3 within the annular shell.
his goes a long way toward explaining how the en-
yme complex from B. stearothermophilus functions
erfectly well without a strict equivalence of E1, E2, and
3 active sites and how it can retain full activity with a
educed complement of peripheral components (Milne
t al., 2002; Perham, 2000).
The potential reach of the lipoyl domain outside of
he annular shell might also explain how the eukaryotic
DH assembly can be inactivated completely and rap-
dly by so few PDH kinase molecules (PDH-K, EC
.7.1.99). PDH-K regulates the PDH complex by cata-
yzing the phosphorylation of a serine residue in one
f the active site loops within E1. The dimeric PDH-K
ssociates with the complex via the lipoyl domain (Pa-
el and Korotchkina, 2001) and is likely to migrate be-
ween lipoyl domains by a “hand-over-hand” mecha-
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thermophilus PDH Multienzyme Complex
(A) The principal protein-protein interactions
between E1-E2 (described here) and E3-E2
(Mande et al., 1996) were determined by
X-ray crystallography. The structures of the
domains of E2 were determined indepen-
dently by NMR or X-ray crystallography (Per-
ham, 2000 and references therein). The ico-
sahedral 60-mer E2 core is shown with a
gray solvent-accessible surface, except for
the three monomers of an E2 trimer, which
are represented in green, blue, and red. The
full-length E2 chain including the lipoyl do-
main (LD), the peripheral subunit binding do-
main (PSBD), and linkers are shown for only
these three E2 monomers for clarity. The
outer linker connecting the lipoyl domain
(LD) to the PSBD is intrinsically flexible with
a potential reach of >140 Å. LD1 and LD3 are
shown extending outside and around the an-
nular shell of peripheral enzymes, respec-
tively. LD2 is shown approaching the inward-
facing active site of E1. The relative position
and orientation of the E1-PSBD and E3-
PSBD complex were determined by cryo-EM
analyses of the entire E2 assembled with E1
or E3 (Milne et al., 2002).
(B) The cryo-EM electron density of the E1-
E2 subassembly; the figure was adapted
with permission from Milne et al. (2002). The
model was built with Coot and XtalView
(McRee, 1992), and the figure was compiled
with MolScript (Kraulis, 1991), MSMS (San-
ner et al., 1995), and Raster3D (Merritt and
Murphy, 1994).nism (Liu et al., 1995). The bacterial complexes provide
some clues as to how this inactivation might come
about, given the high degree of conservation between
the sequences of the B. stearothermophilus and human
PDH proteins and the close similarity of the available
PDH structures, which suggest that the overall archi-
tecture of these complexes has not diverged in any ma-
jor way. We propose that the lipoyl domain provides a
binding site for PDH-K while outside the annular shell
of peripheral enzymes. From this position, PDH-K may
orbit the annular shell and gain rapid access to the
widespread E1. Only the more accessible of the two E1
active sites need be the substrate of PDH-K for it to
exert a complete inhibitory effect on the whole E1 (Sug-
den and Randle, 1978), and, with the PDH-K residing
outside the annular shell, its activity could be conve-
niently modulated in turn by other “upstream” regula-
tory cellular signals.
Although the structural data describe the atomic de-
tails of the subunits and subassemblies, the question
remains as to their organization in the complete dehy-
drogenase machinery. In particular, how is it that the
peripheral components, E1 and E3, are maintained in
an annular organization (Figure 5B)? There are at least
two possible explanations to this puzzle. The first
would require the inner linker to have a mechanical
stiffness that maintains the defined shape of the annu-
lar sphere and its fixed separation from the core. The
second possibility is that the outer shell itself is me-
chanically rigid, as a consequence of hetero- andhomotropic protein-protein interactions between the
peripheral subunits (Milne et al., 2002). Thus, we con-
jecture that this multienzyme complex has “tensegrity”
mechanical properties (Connelly and Back, 1998), in
which rigid substructures that are not in direct physical
contact are maintained at a fixed distance by the bal-
anced tensile connections provided by the inner linker
and the peripheral protein-protein interactions. A fuller
understanding of the specific determinants within the
linkers may yet reveal how the PDH multienzyme com-
plex maintains this remarkably stable architecture.
Experimental Procedures
Protein Expression and Purification
Genes encoding the B. stearothermophilus E1p α and β subunits
were cloned into E. coli expression vectors (Lessard and Perham,
1994). E1p α and β subunits were generated separately, and the
active heterotetramer was assembled at the first step of purifica-
tion (Lessard and Perham, 1994). The PSBD of B. stearothermo-
philus E2 was obtained by cloning into a pET11d expression vector
DNA encoding the N-terminal half of E2 (the lipoyl domain, outer
linker region, and PSBD), with a thrombin cleavage site engineered
in the linker region between the lipoyl domain and the PSBD
(ThE2DD). The cleavage of the ThE2DD to release the PSBD was
performed immediately before the last step of purification (Hipps
et al., 1994; Hipps and Perham, 1992).
Crystallization and Data Collection
Two crystallization strategies were pursued that involved E1 and
E2 domains from B. stearothermophilus (and P. putida, see the
Supplemental Data available with this article online). Cocrystalliza-
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1128tion trials were undertaken of E1 with the E2 didomain (lipoyl do- A
main, linker region and PSBD, E2DD), or with the E2 PSBD alone.
The B. stearothermophilus E1-PSBD and E1-E2DD samples con- T
tained 10 mg.ml−1 protein with a molar excess of 1:2 E1:PSBD/ o
E2DD, 20 mM potassium phosphate (pH 7.0). Crystallization trials B
were performed at 20°C by sitting-drop vapor diffusion. Protein so- f
lution and precipitant were mixed at a 1:1 volume ratio. Several c
polyethylene glycols (PEGs 4K-10K) with buffers (pH 4.5–5.5) pro- S
duced E1-PSBD and E1-E2DD crystals. The best-diffracting E1- S
E2DD crystals were grown with 7% w/v PEG 10K, 0.1 M ammonium K
acetate (pH 5.0) as precipitant. The best-diffracting E1-PSBD crys- H
tals were grown with 10% w/v monomethyl ether PEG 5K, 0.1 M
sodium acetate (pH 4.5) precipitant. Crystals appeared within 2 min
Rto 1 week, and the largest were 0.5 × 0.3 × 0.3 mm3. Crystals were
Rpreserved in liquid nitrogen by using 20%–25% PEG 400 and
Amother liquor as cryo-protectant, before data collection. Crystals
Pbelong to the space group P21 (Table 1). Data were collected at
station 14.2 Daresbury SRS and ID14-4 ESRF, Grenoble. E1-PSBD
diffracted to beyond 2.0 Å, whereas E1-DD diffracted to no higher R
than 4 Å. Only E1-PSBD data sets were used and were auto-
indexed, integrated, scaled, and merged with HKL2000 (Otwinow- A
ski and Minor, 1997). (
a
Structure Determination and Refinement c
One data set from a single B. stearothermophilus E1-PSBD crystal
Aproduced the best merging statistics (see Table 1) and was used for
athe first stages of molecular replacement. B. stearothermophilus E1
ahas 38% identity with the P. putida E1, and a polyalanine dimeric
zmodel for B. stearothermophilus E1 was generated by using the
FP. putida E1 coordinates. A molecular replacement solution was
found for E1 by using the program AMoRe (Navaza, 1994). Solu- A
tions for four E1 αβ dimers had no major crystal packing clashes (
and were consistent with the self-rotation function. The two d
E1(α2β2) molecule solution from AMoRe was used in a rigid body p
refinement with REFMAC5 (Murshudov et al., 1997) of the CCP4 F
package (CCP4, 1994). The model was used to calculate electron
A
density maps, which were of poor quality at this stage. The β sub-
Y
units of P. putida and B. stearothermophilus have the greatest se-
tquence similarity (48%), and a model of the latter was produced
fwith the P. putida structure by automated model building with
5Swiss-Model (Peitsch, 1996). The β subunit was substituted into
Bthe best polyalanine model from rigid body refinement and was
tused in rigid body refinement followed by torsional annealing by
Busing the program CNS and imposing modest NCS restraints
(Brunger et al., 1998). The Rfree dropped from a starting value of B
52% to 44%; however, the electron density maps remained inade- a
quate for further fitting. Automated building of the model was per- s
formed by using the program ARP/wARP (Perrakis et al., 1999). The b
R factor improved dramatically, and the maps allowed for unambig- P
uous tracing of the main chain and 80% of the side chains. Density
Bfor a loop and α helix was also found close to one of the tetramer’s
Gβ subunit 2-fold interfaces, which could not be accounted for in the
PE1 structure. The main chain and side chains for residues 130–140
sof the PSBD could be built into this density. A binding site on the
Csecond tetramer in the asymmetric unit of the E1 was also accessi-
ble and not occluded by crystal lattice contacts; however, density C
for this region was too ambiguous to build residues for a second C
binding domain at this stage. Several rounds of fitting with QUANTA D
(Oldfield, 2001) and ARP/wARP, and torsional annealing with CNS
C
followed until no further density became apparent. As the model
S
neared completion, electron density for a PSBD emerged adjacent
n
to the second E1p. Waters, Mg2+, K+, thiamine diphosphate, and a
cputative segment of polyethylene glycol were found and were in-
ccluded in the model. Some of the modeled Mg2+ ions had extra
Cdensity and may be Ca2+ (these are identified in the deposited co-
tordinates). The atomic geometry of the final model was validated
pby using MolProbity (Lovell et al., 2003) and PROCHECK (CCP4,
d1994). The buried surface areas were analyzed with CNS and VOI-
DOO (Kleywegt and Jones, 1994). C
B
b
Supplemental Data
CSupplemental Data including details of the cocrystallization of
SP. putida E1-PSBD are available at http://www.structure.org/cgi/
content/full/13/8/1119/DC1/. Ccknowledgments
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